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ABSTRACT

This paper shows that existingsolar electric ion propulsion (S111’) technology can deliver
substantial payloads to important small bodies for an effective cost. SEP, using hardware being validated
by the NASA SEP Technology Applica t ion Readiness (NS *AR) program, can deliver significant y more
mass in a dramatically shorter period of time than a chemical propulsion system launched from the same
1)eltall launch vehicle. Analysis of three rendezvous missions shows that NSTAR hardware can deliver a
payload (spacecraft with science) of 364 kg to asteroid Vests, 280 kg to the outer main belt asteroid Ceres,
and 291kg to comet Kopff. The paper begins with a discussion of why SEP is now ready for space
science missions, the NSTAR program, benefits of ion propulsion, the range of SEP applications, a
detailed SEI’ mass breakdown, and the cost and other considerations of using an ion propulsion system.
A discussion of SEP navigation and a new start development schedule concludes the paper.
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WIY IS SEP NOW READY FOR SPACE SCIENCE MISSIONS?

For thirty years, Slil> has tantalized mission designers by its potential for a specific impulse 10
times greater than that attainable by traditional chemical propulsion systems. A number of programs
atlempt ed to harness thi S p otential, butwerchaltedbyimmaturetechnologies that could not per form to
the overreaching expectations. The cost of an ion propulsion system was also perceived to be prohibitive
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because of the required development ¢ffort. The cost and schedule risk of a new technology development
cffort, primarily ducto the long testing times required for hardware qualification, were also considered
unacceptable. Fortunately, by conservatively derating today’s mature technology, it is possible to
perform significant and cost effective SEP missions. Only the negative perceptions left over from

previous overreaching efforts needto be changed. This is best done by economically demonstrating and
validating a SEP systemthatcanbeused for robust space science missions.

Cost Effective NSTA R Ion Propulsion Program

The NSTAR program is designedto resolve these issues by building and testing ion  propulsion
subsystems, culminating in the flight validationof an operational ion propulsion system7.Tho program
includes a groundtestand a space demonstration of the ion propulsion system that will examine all key
aspects of ion propulsion. Some of these aspects include spacecraft integration, ion system and spacecraft.
interaction, ion system performance, potential science interactions, autonomous spacecraft operation, and
mission operations.

To minimize cost and risk, the NSTAR program is using deratedion thruster technology, derived
from 30 years of research and development, to developthe ion propulsion system. The sacrifice of
potential performance ductoengine derating is acceptable because of the exceptional performance of
modern ion propulsion systems. Tomake ion propulsion available and affordable for future missions,
NSTAR is developing 1nodular clements that can be mixed and matched as needed. Such a design will
allow potential system designers to mix and match appropriate paris for t heir mission. Some of these
modular elements include the appropriate size solar array, and the number of thrusters and power
processors needed to meet the total impulse, at titude cont1 0], and mission reliability y requirements.

NSTAR will validate a module with a maximum input power to the power processing unit (PFPU)
of 2.5 kW, resulting in an Isp of 3,300 seconds with a thrustof 91 mN. The thruster can be throttled over a
continuous rangeof 0.75 kW to 2.5 kW. in this configuration, Ispand thrustlevel will vary non linearly
over the throttle range. Subsequent to the NSTAR progr am, it is expected that the development of ion
propulsion for a specific mission willonly require the acquisition of subsystem modules, and the
concurrent integration of the system with the spacecraft and solar array.

BENEFITS OF ION PROI'[JI,SION FORASTEROID AN COMET RENDEZVOUS MISSIONS

The chief benefit of ion propulsion is its ability to quickly rendezvous robust spacecraft to targets
of interest using small launch vehicles. 1 he high prforinance of ion propulsion systems permits the use
of very low launch energies (Czof 3 to 15 km 757, Most SEP asteroid and cornet rendezvous missions
can use the low cost Delta 11 (7925)°or possibly use thenew and mm-e affordable Medium/1.ight Jaunch
vehicles? once they become available.

Available ion propulsion technology allows for the rendezvous of a 200 to 450 kg payload
(spacccraft and science instruments) to almost all of the inain belt asteroids, and also to most short period
comets10. This substantial performance capability permits the delivery of a significant science payload by
a low cost spacecraft using conventional, and possibly off-the-shelf hardware.

in addition to superior performance, ion propulsion reduces the mission operations cost of
asteroid and con-ret rendezvous missions because of the short flight times relative to chemical ballistic
trajectories. Most of the asteroid rendezvous missions arrive 2.5 years after launch, while the comet
rendezvous missions take about 3.5 years.

The use of a low cost launch vehicle, combined with a shorter mission operations period and the
usc of conventional, off-the-shelf spacecraft systems, all contribute to a low life cycle cost.

" NSTAR Project Plan
?]I’!.I.aunchVehic)o Summary for Mission Planning (JI’1. 1)-6930, Rev. C)
? Private communication from 1 eRC to 111,

"} roma comparison of Kopff Vesta, and Ceres post processed EPITOP results to VARITOY ariat ysis on 30 main
bell asteroids and 7 comets. °
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RANGEOF MISSION A1'I'LICA”I'IONS USINGIONPROPULSION
TargetRanges of Solar Electric Propulsion

The solar array size and minimum engine throttling, characteristics define the solar range limit of
SEI” operation. Solar array s are generally ineffective for propulsion at heliocentric distances greater than
3 AU because of the low power available beyond this point. This constraintdoes not mean that missions
arc limited totargets inside 3 AU. Yor example, a SEP Solar PPioncer spacecraft using a Jupiter gravity

assist ‘would thrust inside 2.5 AU and coast beyond 2.5 AU.

Applications of lon Propulsion

Anion propulsion system with its very high specific impulse is ideal for high AV missions if the
AV canpe applied over a Jong period of time. Applications include both Earth orbital and space science
missions. Earth orbital applications include station keeping, mbit repositioning, and mbit raising and
lowering. Space science missions that benefit from SEI' application include, but are not limited to
asteroid rendezvous, comet rendezvous, fast planetary fly-bys and probes, solar probes, and possibly
comet anti asteroid sample returns. Earth vicinity and lunar missions will also benefit from SEP.In
addition, SEI’ may also benefit fly-by, orbiter, lander, and sample return missions to Mars, Venus, and
Mercury.

Ideal missions for SEP are rendezvous missions with asteroids and comets. These missions
require large AVS difficult to obtain using chemical propulsion, even with multiple planetary gravity
assists. SEP asteroid trajectories use a simple heliocentric spiral from the Earth to the target. Because a
spiralis used, me approach velocity at the asteroid amountstoonly a few meters per second. Trajectories
for comet missions are a bit more complex because of the eccentricity of most comet orbits. However, the
closing velocity at closest approach is again only afew meters per second. Thisslow approach enables a
safe crossing of the comet’s debris field.

‘] 'he SEP stage generally permits the launch of missions without the constraint of multiple
planetary alignments that enable multiple gravity assists. As a result, SEI” performance remains relatively
constant from year to ycar because they cto not depend on gravity assists. 1 lowever, this is not to say that
mission designers would not use SEP with gravity assists because many SEI° space science missions will
benefit from planetary swing-bys.

Finally, a significant associated benefit of SEP is its use of a large solar array. The array may
allow for the elimination of the radioisotope thermoclectric generators (R1Gs), and radioactive thermal
units (Rt I Us) used on spacecraft that fly between 3and10 AU, or farther out. Also, when the SEP
propulsion system is not in use, the large solar array creates the potential for high powered science
experiments such as imaging radars and active spectrometers.

PERFORMANCE OF ASTEROID AND COMET RENDEZVOUS MI SSIONS

As mentioned previously, asteroid and comet rendezvous missions are ideal for SEP because of
the large AVS required. Figure 1 compares SEI’ and chemical ballistic performance for missions to asteroid
Ceres, asteroid Vests, and comet Kopff, all launched froma | deltallV. The figure shows the net spacecraft
mass (delivered mass minus propulsion) and flight time. Notice that the SEP’ system, assuming hardware
being, validated by NSTAR, always gives significantly better mass performance with about a 2 to 9 year
she] ter flight time.

Ceres and Vests, two of the largest main beltasteroids, are used in this example because they are
of scientific interest and from a performance point of view, they represent a typical mission (Vests), and a
difficult mission (Ceres). Figure 2 shows a typical trajectory. Notice that the SEI’ trajectory to the asteroid
uses a simple heliocentric spiral from the FEarth. On the other hand, the corresponding trajectory usedby
the chemical system employs a Mars-Mars gravity assist (MMGA). This path introduces a muchlonger
flight time> because of the multiple Mars fly-bys.Furthermore, launchopport unities occur infrequent 1y.

Members of the Comet Rendezvous/Asteroid Flyby (CRAF) Science Working Group (SWG)
selected cometKopff as a prime target. Figure 1 shows that a Sk’ system can deliver about 300 kg (net
spacecraft mass) to Kopff. Two other prime comets sclected by the CRAEFSWG, Tempel 2 and Wild 2,

gk data obtained from post processed 1[1°1°1°01" data. Chemical batlistic data from MIDAS program by Catl Sauer.




Figure 1: SEP vs. Chemical Ballistic Performance
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possess similar orbital characteristics to Kogffw. Conscquently, the SEP performance for missions to
these two comets will be similar to Kopff1~. SEP trajectories for comet missions arc generally more
complex than for asteroid missions because of the large eccentricity of most comet orbits. The comets of
interest typically orbit with a perihelion about 1.5 AUand an aphelion around 5 AU. Because of the
limited solar array power at heliocentric distances greater than 2.5 AU, the SEP trajectories involve can
elliptical shaped loop around the Sun that catches up with the comet on its outbound leg. Figure 3 shows
the trajectory to Kopff. Again, not using gravity assists cnables frequent launch opportunities to comets
of scientific interest.

DETAILED SEP MASS BREAKDOWN AND PERFORMANCE

Every kilogram of mass in the propulsion subsystem of a SEP spacecraft decreases the amount of
payloaddeliveredto the final target. Consequently, NSTAR team members have made a concerted effort
to identify the key elements that contribute to the total subsystem mass. The following three tables show
the results obtained so far.

Table 1 shows the mass of the solar array and articulation system. Thesize of solar array is
affected by the radiation dose received, caused primnarily by solar flare protons for the case of
interplanetary missions. Solar array radiation dose is usually defined in effective electrondose greater
than 1 MeV. The first row inTable 1 shows the effective electron dose for an active solar period.
Subsequent rows show the items neededto determine the mass of the solar array and the solar array
power needed at launch. One factor contributing to the total solar array mass comes from the articulation
device. On an interplanetary mission, the solar array must be able to rotate along asingle axis because
the thrust vector may point in any direction with respect to the Sun. The articulation device performs this
rotation and passes power using slip rings. All three missions examined in the study used arrays in the
100 kg range.

Table 2 shows the mass breakdown of the entirc SEP system with the solar array power shown
for reference. Propellant mass was determined by post processing trajectory optimization data from
111°1°01°, a program developed by CarlSauer. In this study, two thrusters are used simultancously to
minimize the mass of the SEP system. The next row shows the number of engines needed for the mission.
Thisnumber is defined by the propellant throughputof the engine before it wears out. NSTAR s
designing the engines to have a total throughputof at least 85 kg. Onc extra engine is added fo1
redundancy. Subsequent rows show the mass of one engine, the combined mass of all of the engines with
contingency, and the mass of a gimbal needed to point anengine. A two axis gimbal is assumed for each
engince to provide three axis control authority, when paired with another thruster.

T'he number of PPUs is determined by the numbei of thrusters operat ing simultancously plusonce
extra for redundancy. Other hits related to the PPUs include a thermal system needed to cool the 250
watts dissipated by the PI'U at full power, and the switch unit that allows a PPUto power any engine.

The 1)igital Control/Interface Unit/Power Supply is the controlling and monitoring
infrastracture for the SEP system. It controls the engines, P’I’Us, and feed system. The feed system itself is
composed to three parts that includes a feed element associated with each thruster, a fixed mass feed
clement that meters the system, and a propellant storage system. The tanks arc muchlighter than that fox
a chemical system because SEP uses composite tanks filled with high density xenon stored as a critics]
fluid. One way toreduce the feed system mass involves flying “yet to be” qualified devices because
presently qualified devices were developed for flow rates much larger than currently needed.

An analysis of previous propulsion stages yielded an estimate of the structure needed to hold the
SEP subsystems together. This figure amounted to roughly 6.5% of the wet SEP mass. Finally, an
allowance for cabling and thermal masses (less the PPUthermal system) was added. Notice that the total
SEI’ system dry mass for these three cases varied from 338 to 372 kg. The SEI’ system can deliver more
than 677 kg to the three tar gets in this study. Subtracting the SEI’ system dry mass from the delivered
massresultsina net spacecraft mass (spacecraft plus science minus SEP) of over 280 kg,

12 J50m the Mariner Mark 11/CRAF mission plan
B rroma comparison of VARITOY trajectory solutions of Kopff, Tempel 2, and Wild 2 to post processed EPTTOP
solutions for comet Kopff.



Table 1: Solar Array Mass Calculation
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Table 2: SEP Performance Using NSTAR Hardware
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Table 3: Net Spacecraft Mass, Contingencies, and Margins
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‘I’able 3 shows two examplesof possible spacecraftmass breakdowns. The first is a Discovery
class spacecrafl, and the second is an enhanced spacecraft. The examples use the Pluto Fast Fly-by,
spacecraft with SEI’ related communications, attitude control, power, and thermal modifications added!
Additional science is added where appropriate tomeetthe mission goals]S. A reaction control
augmentation is also addedto control the spacecraft when the SEP is not operating. Finally, structure is
addedto hold the additions to the Pluto Fly-by spacecraft.

The last three rows show the resultant spacecraft mass, the available spacecraft mass from the
previoustable, and the margin that may be used for other enhancements.  Notice that all of the enhanced.
missions have positive margins.

COST OF USING 10N PROPULSION
Costs for using ion propulsion include the ion propulsion hardware, long operation of the ion
propulsion system, and the integration of the SEP systeminto the spacecraft.

Cost Comparison of Ion Propulsion Missions with Chemical Propulsion Missions

in a study performed by Jerry M. Olivieriusing the JI'l, cost model, the life cycle costs of ion
propulsion missions subsequent to NSTAR are favorable to chemical ballistic missions because SEI’
permits the use of small launch vehicles, has faster trip times, and delivers enough mass to permit the use
of conventional, and possibly off-the-shelf spacecraft.

Figure 4 shows the life cycle cost summary. It is important to note that if a planetary SEI’ mission
is attempted without any ion propulsion heritage, that program may cost an additional $47 million and
incura considerably higher risk, increased cost, and longer schedule than a chemical ballistic mission.
However, if the NSTAR program is successful, and if NSTAR heritage is used on the first planetary
mission, then that program may have a reasonable amount of risk, and may cost $10¢ million less than a
comparable chemical ballistic mission. Subscquent SEP missions will also be significantly less expensive
becausce of the’ shorter mission durations and/or the use of smaller launch vehicles.

The major assumptions used in the comparison are: FY 1994 dollars, Class “B” mission,
protoflight approach with partial spares, project start in Y 1996, and launch in FY 2000 aboard a Deltall
(7925). The SEP systemuses a 10 kW solar array, the thrusters fire for 2.5 years, the mission life is 3.5
years. (heroical systems used in this study were assumedto have a specific impulse of315 seconds.

Cost of Mission Opcrations

The operations cost of an ion propulsion spacecraft is conservatively estimated by two studies to
be 30% higher than a conventional spacecraft because the spacecraft is almost always thrusting](’. This
constraint is perceived to give a larger load to the navigation and spacecraft team.}lowever, the cost may
be more perceptual than real because the timing of any parlicular maneuver period (typically one week in
duration) is not critically important to the outcome of the mission because SEI systemnshave good
trajectory recovery capability.

| .ow thrust spacecraft do not require a repeated returnto a prescribed trajectory as ballistic
missions using gravity assist encounters. Instcad, when an inaccuracy in the trajectory exists, a new
trajectory can be plotted, This flexibility enables the autonomous operation of the spacecraft, as long as
ananomaly is fail safe, and provides for limited monitoring?, by the spacecraft and navig ation tcam.

1.ow thrust spacecraft also follow a narrow “random walk” type of trajectory duecto perturbation
in thrust vector induced by the attitude and articulation control system (AACS) and the propulsion
system. Forlunately, there is simple navigation solution for each point along the trajectory. The

spacecraftis tracked by conventional radio navigation means, and a new navigation solution is uplinked
to correct the trajectory as needed.

“1AY-93 <).5.410, “Pluto Mission Progress Report:Lower Mass and Flight Time Through Advanced Technology
Insertion,” Roberlt 1. Stachle, etal. 44th Congress of the International Astronautical Federation. October 16, 1993, Graz,
Austria.

]5]{(‘,\(-]07,\,0“3 missions may require agreater science complement than a fly-by mission. For example, a gamma ray
S}‘iﬁeh(’sm(;{m' IS proposed for asteroid and comet missions to measure the elemental composition of the body.

1

"Fromastudy by Jerry M. Olivieri and a study by Ronald Salazar (JP’L. Members of the Technical Staff).
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Cost of Spacecraft integration

Assuming that SEP istobe integrated with a conventional spacecraft, a choice of integration
mcethod must be made. If the spacecraft is large enough to have the SEP integrated internally, then no
significant additional structure is necessary. On the other hand, if the spacecraft is too small to include all
of the SEPsystem, it willbe necessary toadd external structure to hold the ion propulsion system
together. The SEP elements that must beintegrated into a spacecraft arc shown functionally in Figure 5.
Primary elements includea solar array (SA), power management and distribution, power processing
units (I'I't]), power processor thermal radiators, ionengines, propellant management and feed system,
structure, and mechanisms (gimbals and solar array actuators). An electrical and mechanical network
holds these subsystems together. In addition, a spacecraft utilizing SEI’ must be compatible with the
system, resulting in a number of possible modifications.

For example, the operation of an active SEP systemrequires that the attitude and articulation
system continuously control the thrust vector of the spacecraft. 1 hiring the operation of the SEP, attitude
control propellants are not needed because the SEP stage provides the control authority. However,
during coast periods, the spacecraft must supply the control authority needed to articulate the solar
arrays and point the spacecraft. Figure 5 shows the affected elements. Other integration considerations
include the power busvoltage, theelectromagnetic interference Of the SEP system (conducted and
radiated), the thermal impact of the large solar array upon the spacecraft, field of view limitations caused
by the large solar array, impact of charge exchange plasmaon the solar array, and spacecraft.
contamination from the ion engine.

Most cornet and asteroid missions require SEI operation beyond 0.9 AU. Some of the trajectories
also require the thrust vector of the SEP system to point in any direction. These constraints require that
the spacecraft permit solar illumination on three sidesof the spacecraft for long periods of time.
Chemical propelled spacecraft usually use some forin of a solar shield against long term solar
illuminations when inside 0.9 AU. Instead, a SEI’ spacect aft may use heat pipes, heaters, and other like
devices for thermal compensation.

NAVIGATION
Navigation of Interplanctary Trajeclories

The navigation of a SEP spacecraft is quite different from present chemical propulsion spacecraft
because the SEP system uses a low, but continuous thrust.  “I’he thrust duration for an interplanetary SEI
mission is measured in years, not hours as in a chemicalpropulsion mission. Operations costs willbe
affected if the spacecraft does not have sufficient autonomy. One way to minimize the impact to mission
operations cost is for the spacecraft to follow a weekly thrust vector profile. This scheme is possible
because the low thrust of the SEP system changes the trajectory very slowly. Also, possible errors in
maneuver execution are not serious because the spacecraft need not return to the original trajectory. An
entire family of new trajectories that will meet the mission requirements exists for each point along a
trajectory.

The orbit determination process for a SEI’ mission is also quite different from a chemical
propulsion mission because the constant thrust of the spacecraft results in an acceleration four orders of
magnitude larger than the stochastic accelerations from a chemical propulsion spacecraft during cruise.
Unfortunately, usc of conventional radio navigation techniques will resultin larger spacecraft position
uncertainty as compared to chemical systems. However, this uncertainty is not a problem because there
is no need for high precision navigation, except during planctary fly-bys. Then, the ion propulsion
system can be turned off, permitting accurate orbit determination by conventional means.

1)uring a rendezvous approach to a comet or asteroid, large position uncertainties can be
climinated by optical navigation. Approach navigation is simplc becausce the closing velocity is very
small, and small mancuvers can be used to obtain "bearings only” navigation solutions.

Navigation of Orbits Around Large Asteroids

The navigationaround large irregular shapedbodies, such as asteroids, presents a challenge for
both chemical and SEP systems because the irregular mass harmonics will cause very large perturbations
inthe orbit. Spacecraft using either propulsionsystem will require some forim of autonomous navigation
todetect the Orbits] perturbations. The SEP system has an advantage because the propulsion system has
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enough energy to correct formany of the perturbations resulting from the irregular mass harmonics.
Chemically propelled spacecraft may needto stay much further from the surface, and may ncedtocarry
larger balteries to cope with the long shadow periods resulting from being at a higher altitude!”.

Navigation Around Small Astercrids.anti Comets

Navigation around small asteroids and comets is much easier thanaroundlarge asteroids
because of the low mass. This differential resultsinmuchlonger orbital periods, making the pace of the
navigation solutions slower. Although the AV neededto change orbit altitude and inclination is
extremely small (because of the low mass), only a SEI’ system will permit investigation of a comet coma
that extends over hundreds of thousands of kilometers. Optical navigation will be the primary method of
navigation around the’sc’ bodies.

DEVELOI’'MENTSCHEDULE

The development schedule for a low cost SEI’ mission is determined by the NSTAR schedule
because without the successful validation of the SEP syslem, the development cost, schedule, and risk are
perceived tobe excessive. The NSTAK validation will be completed inFY 1999. Ground testing, should
be completedinkFY 1998 enabling the new start of a SEI’ program inthe 1Y 1998 to FY 1999 time frame.

17 Mass harmonics have less cffect at higher altitudes. A spacecraft with limited AV may need to be at a higher
altitude. Also, dcl}wncling on the magnitude of the mass harmonics, the orbit may be forced into the shadow of the
body. Since the shadow period is longer for higher altitudes, a larger battery may be required.




